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Sugar beet is a crop with high demand for potassium (K) and requires 2.9-6.8 kg of K per one tonne of storage roots (Christenson and Draycott 2006) . Potassium is essential for the photosynthetic process, transport of sugars from the leaves to the roots and reduction of oxidative damage (Oosterhuis et al. 2013) . Another very important K function is the maintenance of plant osmotic potential, cell turgor and regulation of the opening and closure of stomata. Therefore, K shortage in the soil has a negative effect on beet yield (Scherer et al. 2003 ). An adequate content of K in sugar beet ensures also a high beet quality (Römer et al. 2004 ). However, excess K in storage roots has a negative influence on beet quality, because the amount of sugar crystallized from the extracted juice decreases (Buchholz et al. 1995) .
The maintenance of osmotic potential in vacuoles, a nonspecific function of K, can be compensated by other cations such sodium (Na), calcium (Ca) and magnesium (Mg). Sodium is more efficient than the other elements, because it is structurally and chemically very similar to K (Subbarao et al. 2003) . Sugar beet is a natrophile plant and in contrast to glycophytes, it does not create a barrier against the flow of Na + ions from the true roots to the leaves (Kronzucker et al. 2013) . Subbarao et al. (1999) found that Na can safely replace even 95% of the normal tissue K without decreasing the production of some red beet cultivars. Additionally, Na has beneficial effects on the water balance, leaf area and thickness due to an increased rate of cell expansion, and the number and activity of sugar beet stomata (Wakeel et al. 2011) . The role of Mg should not be ignored, because it is an important factor regulating efficiency of nitrogen fertilization (Grzebisz 2013) and yield of different crops (Zlámalová et al. 2015) .
Sugar beet response to different K, Na and Mg ratios in applied fertilizers
The hypothesis of this study assumed that the yield and quality of sugar beet depends on the total amount of cations instead of the ratios of K, Mg and Na in the applied fertilizers. To verify the hypothesis, an extensive field studies were conducted to determine the effect of different ratios of K, Na and Mg on beet yield and quality, under a constant rate of total cations in the applied fertilizers.
MATERIAL AND METHODS
The study was conducted in 2010-2012 on four farms in western Poland: Bodzewo (51°50'N, 17°04'E), Donatowo (52°05'N, 16°52'E), Jasień (52°13'N, 16°71'E) and Wieszczyczyn (52°02'N, 17°05'E). On each farm, univariate experiments were conducted in which the response of sugar beet (Beta vulgaris L.) to different rates of K, Mg and Na was assessed. The cations were supplied as potassium salt (49.8% K), potassium salt with magnesium and sodium (33.2% K + 3.6% Mg + 3.0% Na + 6.3% S), and raw potassium salt (magnesium kainite) with magnesium and sodium (9.1% K + 3.0% Mg + 20.0% Na + 5% S). The rates of fertilizers were calculated to apply the same amount of moles of total cations per hectare in each experimental variant. Each treatment as shown in Table 1 had a different K:Mg:Na ratio for the same total rate of cations.
The experiments were conducted in a randomized block design, with four replications. The total area of a plot was 100 m 2 . Winter triticale was the fore crop in each year and location. Fertilizers with K, Mg, Na and P (35 kg P/ha; triple superphosphate 17.4% P) were applied in autumn. Nitrogen in the form of ammonium nitrate (34% N) was applied twice: before sowing and at the stage of 4(5)-leaf (65 + 60 kg N/ha). The Janowa sugar beet cultivar was tested in all experimental locations. A standard plant protection was applied.
According to the World Reference Base for Soil Resources, the soils were classified as Luvisols. They are characterized by low-clay sand and sandy clay textures. The content of available K in the soils in Bodzewo, Jasień and Wieszczyczyn was high or very high, whereas in Donatowo it was moderate. The content of available Mg ranged from high to very high ( Table 2) .
The long-term average total yearly precipitation in the area of study is about 550 mm. During the study, total annual precipitation amounted to 676 (2010), 449 (2011) and 595 mm (2012) . It should be noted that in the two critical months for sugar beet growth (July and August) the amount of rainfall was 122 (2010), 213 (2011) and 226 mm (2012). The requirements for water by the sugar beet canopy in both months are fixed at the level of ca 180 mm (Kenter et al. 2006) . The average annual temperature ranged from 7.8°C to 9.9°C.
Sugar beet was hand-harvested at the stage of technological maturity (BBCH 49) from an area of 10.8 m 2 (4 rows × 6 m). The evaluation of qualitative parameters of beet was performed using a Venema auto-analyser IIIG (Groningen, the Netherlands). Representative storage root samples were first washed, then ground to obtain a uniform pulp and clarified with 0.3% Al 2 (SO 4 ) 3 solution. Potassium and Na contents were determined by flame photometry, and α-amino-N (AmN) was analysed by the fluorometric ortho-phthaldialdehyde (OPA) method. Sucrose content (SC) in fresh taproots was determined by polarimetry. White sugar yield (WSY) was calculated according to the Brunswick formula (Buchholz et al. 1995) : SML = 0.12 (K + Na) + 0.24 AmN + 1.08
Where: SML -standard molasses loss (%); K + Na -sum of potassium and sodium (mmol/100 g); AmN -α-amino-N (mmol/100 g); SC -sucrose content (%); BY -beet yield (t/ha); WSC -white sugar content (%); WSY -white sugar yield (t/ha).
The effect of individual research factors (year, location and treatment) and of their interaction was assessed using the three-way ANOVA for a completely randomized design. Differences between the mean values were compared with the Tukey's HSD (honest significant difference) test (α = 0.05). Pearson correlation, linear regression, and stepwise regression analysis were applied to investigate the relationships between the studied characteristics. Statistica 12 software was used for statistical analyses (StatSoft, Inc. 2013) .
RESULTS AND DISCUSSION
The dominant effect of a seasonal factor (year) on beet yield (BY) was confirmed in this study (F 2,180 = 224.2; P < 0.001). Average BY was high, amounting to 65.5, 63.5 and 80.3 t/ha in 2010, 2011 and 2012, respectively. The effect of K-MgNa application was governed by the interaction 'year × location × cations' ratios' (F 24,180 = 1.63; P < 0.05). In Bodzewo, a significant effect of K-MgNa was observed in 2011 with the highest BY in treatment E. In Donatowo, the effect of these sets of nutrients was important in two years: 2010 and 2011. The highest BYs were recorded in treatments C and D. In Jasień, the influence of K-Na-Mg was significant in 2012. The highest BY was observed in treatment D. In Wieszczyczyn, BY was significantly influenced by the applied set of fertilizers in two years: 2010 and 2011. In the first year, the highest BYs were obtained in treatments C and E, and in the second in B and E (Table 3) .
On average, for all experiments, compared with the NP control (A), applied K-Mg-Na increased BY significantly by 10.7-16.3%, regardless of the cation ratios:
A (63.3) < B (70.7) < C (71.7) < D (71.1) < E (72.0 t/ha).
Based on these results, the key role of the total dose of cations affecting BY was clearly demonstrated, regardless of the specific effect of each individual cation. The reduction of the K dose from 125 kg/ha (treatment B) to 24 kg/ha (E) combined with the simultaneous increase in the contribution of the other cations did not decrease BY and even resulted in a slight increase. Compared with the treatment B, on average, BY in the treatment E with the highest rate of Na increased by 1.9%.
According to Christenson and Draycott (2006) , Na application should result in the highest efficiency of BY in soils with low content of available K. Under such conditions, the simple mechanism of replacing K with Na can explain the favourable in- fluence of Na on BY (Wakell et al. 2011) . However, in our study, beet was grown on soils rich in available K. Moreover, the positive effect of Na fertilization occurred in two locations with the highest K fertility level (Jasień and Wieszczyczyn). To explain the beneficial effect of Na on BY, mechanisms of ionic balance regulation (K/Na, K/Mg, etc.) and the resulting modification of N metabolism was likely (Barłóg et al. 2017 ). Our study indicated also a positive reaction of sugar beet to increasing rates of Na in the driest growing season (year 2010). The BY increase in response to Mg was observed in one location. Magnesium applied in a narrow Na/Mg ratio (treatment C) caused the highest increase in BY in Donatowo, with the lowest content of soil available Mg. This fact corroborates the previous study concerning sugar beet response to Mg application (Barłóg and Grzebisz 2001) . Probably, the excess of Na + ions in the soil (treatments D and E) decreased the rate of Mg 2+ ions uptake (Zhang et al. 2010) .
The SC variability depended on the interaction between K-Mg-Na ratios and location (F 12,180 = 3.70; P < 0.001). Application of fertilizers rich in Na significantly reduced SC in Bodzewo. Sodium treatment resulted in higher SC in one location (Wieszczyczyn), but only to the rate of 31 kg Na/ha.
Those results might be explained by dilution of sucrose due to the increased water content in storage roots (Tsialtas and Maslaris 2009) . The content of melassogenic substances such as K and Na in storage roots were significantly modified by interaction between K-Mg-Na ratios and locations (F 12,180 = 1.97; P < 0.05 and F 12,180 = 6.24; P < 0.001). On average, the sugar beet plants grown on plots with Na applied showed a substantially higher Na concentration in storage roots than in the plot without this nutrient (B). This is in line with data reported by Haneklaus et al. (1998) . Simultaneously, the more Na was applied, the higher the SML and AmN contents in storage roots were recorded (Bodzewo, Wieszczyczyn). The K content in beets was the least dependent on the K:Mg:Na ratio in the applied fertilizers (Table 4) .
In two locations (Bodzewo, Wieszczyczyn), SC was positively correlated with K (R 2 = 0.55 and 0.42; P < 0.01 for n = 15). Apart from that, SC increased along with the K/Na ratios in storage roots. Only in Jasień, a negative correlation was revealed between the K/Na ratio and SC (Figure 1) . These results corroborate the opinion that the excess of available K in the soil may negatively affect the partitioning of carbohydrates between tops and storage roots, resulting in lower SC (Giroux and Tran 1989). Moreover, in our study, K was the primary cation affecting the AmN content (R 2 from 0.34 and P < 0.05 to R 2 = 0.70 and P < 0.001 for n = 15). The effect of different K-Mg-Na ratios in the applied fertilizers on WSY was site-specific (F 12,180 = 2.22; P < 0.05). As a result, different treatments were recognized as optimal for a given location. The highest average increase in WSY with respect to NP was recorded for treatment B, C, D and E in Bodzewo, Donatowo, Jasień and Wieszczyczyn, respectively (Figure 2 ). These differences might Based on the results of this study, it can be concluded that the total amount of cations applied in K-Mg-Na fertilizers affected BY more than the cation ratio. The observed variability in BY, resulting from different K:Mg:Na ratios, depended on the interactions of numerous factors, such as weather conditions and the content of available K and Mg in the soil. However, a noticeable lack or positive influence of Na were observed on BY. Therefore, for soils with high available K content, the fertilization costs for sugar beet could be reduced through the application of less-expensive fertilizers that contain fixed amounts of Na. However, before the choice and calculation the amount of applied K, Na and Mg fertilizers, the soil fertility level must be fully recognized, including the analysis for soil Na content. Recommendations can then be formulated to avoid lower technological quality of storage roots. Different letters indicate statistically significant differences between treatments at P < 0.05
